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::73V GXULQJ ZDVWHZDWHU DQG VHZDJH VOXGJH WUHDWPHQW &2 LV DOVR HPLWWHG DW::73V EXW LW LV XVXDOO\ QRW
FRQVLGHUHGLQ WKH&2EDODQFHEHLQJSUHGRPLQDQWO\ELRJHQLFDQGWKHUHIRUHFOLPDWHQHXWUDO,QGHHG LVRWRSLFPDVV
EDODQFHDQDO\VHVUHYHDOHGWKDWWRRIWKHWRWDORUJDQLFFDUERQLQZDVWHZDWHULQIOXHQWFDQEHRIIRVVLORULJLQ>@













GHJUHH RI 71 UHPRYDO VKRZHG D JRRG FRUUHODWLRQZLWK GLUHFW12 HPLVVLRQV 7KLV QHZ DSSURDFK IRU HVWLPDWLQJ











7KH FDUERQ IRRWSULQW DQDO\VHV ZHUH SHUIRUPHG IRU WZR PRGHO PXQLFLSDO ::73 RI  SRSXODWLRQ




VHYHUDO IDFWRUV HJ VHZHU W\SH OHQJWKV VORSH VHZDJH WHPSHUDWXUH DQG VWLOO FRQWURYHUVLDO ,Q FRQWUDVW WR WKH
DVVXPSWLRQRI WKH ,3&&JXLGHOLQHVSRVWXODWLQJ WKDW&+XQG12HPLVVLRQV LQRSHQVHZHUVDUHQHJOLJLEOH >@
ILHOGPHDVXUHPHQWVUHYHDOHGWKDWHPLVVLRQVFDQEHVLJQLILFDQW>@
x *+* HPLVVLRQV GXULQJ WKH FRQVWUXFWLRQ SKDVH RI::73V LQ WKLV UHJDUGV >@ VKRZHG WKDW *+* HPLVVLRQV
UHVXOWLQJIURPWKHXVHRIUDZPDWHULDOVDQGHQHUJ\LQWKHFRQVWUXFWLRQSKDVHRIWZRUHDO::73VFRUUHVSRQGWR
RIWKHWRWDO*+*HPLVVLRQRIWKH::73IRUDVHUYLFHOLIHRI\HDUV
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2.1. Model WWTPs 
%RWK PRGHO::73V ZHUH GHVLJQHG DV VLQJOH VWDJH DFWLYDWHG VOXGJH SODQWV RQH ZLWK DQDHURELF GLJHVWLRQ RI




EURDG EHQFKPDUNLQJ VWXG\ FRPSULVLQJ $XVWULDQ::73V >@ DQG OLWHUDWXUH YDOXH >@ 6LPXOWDQHRXV DHURELF
VOXGJHVWDELOL]DWLRQLVFKDUDFWHUL]HGE\DQLQWULQVLFKLJKHUHQHUJ\GHPDQGIRUDHUDWLRQN:KHO3(DDQGVSHFLILF




3RVWXODWLQJ DQ HOHFWULF HIILFLHQF\ RI WKH EORFN KHDW DQG SRZHU XQLW RI   N:KHO3(D HOHFWULFLW\ FDQ EH
SURGXFHG DW ::73$' RXW RI D GDLO\ ELRJDV SURGXFWLRQ RI  / SHU 3( &+FRQWHQW RI ELRJDV  7KH
SURYLGHGHOHFWULFLW\FDQFRYHUWKHHQHUJ\GHPDQGIRUDHUDWLRQLQWKHDFWLYDWHGVOXGJHWDQN
7DEOH6SHFLILFDWLRQVRIWKHPRGHOZDVWHZDWHUWUHDWPHQWSODQWV
 ::73$' ::736$6 8QLW
&2'LQIOXHQW::73   J&2'3(G
&2'SULPDU\VOXGJH   J&2'3(G
&2'H[FHVVVOXGJH   J&2'3(G
&2'HIIOXHQW::73   J&2'3(G
&2'R[LGL]HG   J&2'3(G
71QLWULILHG   J13(G
71GHQLWULILHG   J13(G
&2'UHPRYDO   
71UHPRYDO   
73UHPRYDO   
(QHUJ\GHPDQGIRUDHUDWLRQ   N:KHO3(D
(QHUJ\GHPDQGIRU::73   N:KHO3(D
&2'LQPHWKDQH   J&2'3(G
0HWKDQHSURGXFWLRQ   /3(G
%LRJDVSURGXFWLRQ   /3(G
(OHFWULFLW\IURPELRJDV   N:KHO3(D
6OXGJHSURGXFWLRQ   J763(G
*By 77% TN removal; **TN removal can be increased to 90% optimizing the operation; ***gas standard volume: 273.15 °K, 1.01325 bar
2.2. Direct GHG emissions from WWTPs 
7KHSURGXFWLRQDQGHPLVVLRQRI&+DQG12DW::73VFDQRFFXUDWGLIIHUHQWWUHDWPHQWVWDJHV)LJ12LV
SURGXFHGPDLQO\ LQ WKHDFWLYDWHG VOXGJH WDQNDV D VLGHSURGXFWRI WKHELRORJLFDO71UHPRYDOE\QLWULILFDWLRQDQG
GHQLWULILFDWLRQ DQG WKHQ VWULSSHG LQWR WKH DWPRVSKHUH E\ DHUDWLRQ > @ $W ::73V ZLWK DQDHURELF GLJHVWLRQ
SULPDU\VHGLPHQWDWLRQDQGWKHZKROHVOXGJHOLQHFDQEHDSRWHQWLDOVRXUFHRIGLUHFW&+HPLVVLRQV>@$HURELFDOO\
VWDELOL]HG VHZDJH VOXGJH FDQ DOVR EHFRPH D VRXUFH RI&+ DV VRRQ DV DQDHURELF FRQGLWLRQV DUH HVWDEOLVKHG HJ
GXULQJORQJWHUPVWRUDJHIRUVHYHUDOPRQWKV>@7KH&2'DQG71OHDYLQJWKH::73ZLWKWKHWUHDWHGHIIOXHQWFDQ
SURPRWHIXUWKHU&+DQG12SURGXFWLRQDQGHPLVVLRQLQWKHUHFHLYLQJZDWHUERGLHVGHSHQGLQJRQH[LVWLQJPLOLHX
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FRQGLWLRQV 7KH FDOFXODWLRQ RI WKH FOLPDWH LPSDFW RI 12 DQG &+ ZDV SHUIRUPHG DSSO\LQJ WKH *:3 RI






2.3. Estimation of N2O emissions from municipal WWTPs 
$FWLYDWHGVOXGJHWDQNVKDYHVKRZQWREHWKHPDLQVRXUFHVRI12DW::73$PRUHGHWDLOHGGLVFXVVLRQRQWKH
IRUPDWLRQPHFKDQLVPVRI12HPLVVLRQV LQDFWLYDWHGVOXGJH WDQNFDQEHIRXQG LQ OLWHUDWXUH>@$FFRUGLQJ WR
FXUUHQW XQGHUVWDQGLQJ 12 SURGXFWLRQ DQG HPLVVLRQ GXULQJ QLWULILFDWLRQ FDQ EH UHGXFHG E\ RSWLPL]LQJ SURFHVV
FRQGLWLRQVEXWQRWFRPSOHWHO\DYRLGHG7KLVDSSOLHVWRERWKSRVWXODWHGIRUPDWLRQSDWKVWKHQLWULILHUGHQLWULILFDWLRQ
DQG WKH R[LGDWLRQ ELRORJLFDO RU FKHPLFDO RI K\GUR[\ODPLQH'XULQJ GHQLWULILFDWLRQ12 LV SURGXFHG DV REOLJDWH





VLJQLILFDQW LPSDFW WKDW RSHUDWLQJ FRQGLWLRQV KDYH RQ12 SURGXFWLRQ >@ 7KH GHJUHH RI 71 UHPRYDO DQG WKH
ORDGLQJFRQGLWLRQVLQDFWLYDWHGVOXGJHWDQNVZHUHLGHQWLILHGDVWKHPDMRURSHUDWLQJSDUDPHWHUVDIIHFWLQJGLUHFW12
HPLVVLRQ ZLWKLQ ORQJ WHUP PHDVXUHPHQW FDPSDLJQV DW HLJKW PXQLFLSDO ::73V LQ $XVWULD > @ 7KH
PHDVXUHPHQWV WRRN SODFH LQ DFWLYDWHG VOXGJH WDQNV DSSO\LQJ ORQJWHUP RQOLQH PHDVXUHPHQWV LQ WKH H[KDXVWHG
DHUDWLRQDLUIORDWLQJJDVKRRGFRQQHFWHGWRD,56SHFWURPHWHUDVZHOODVLQWKHEXONOLTXLG8QLVHQVHPLFURVHQVRU
RYHU VHYHUDO ZHHNV $ GHFUHDVLQJ () J121J1LQIOXHQW::73 ZDV FRXSOHG ZLWK DQ LQFUHDVLQJ 71 UHPRYDO
D
E
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HIILFLHQF\ DQG D GHFUHDVLQJ YROXPHWULF ORDGLQJ UDWH )LJ 7KH REVHUYHG FRUUHODWLRQ ZLWK WKH 71 UHPRYDO
SHUIRUPDQFHFRQILUPVWKHUROHRIWKHGHQLWULILFDWLRQDV12VLQNLQDFWLYDWHGVOXGJHWDQNV&RQVLGHULQJWKDWORZHU
71UHPRYDOZHUHPRVWO\FRXSOHGZLWKKLJKYROXPHWULF ORDGLQJUDWHV LQ WKHDFWLYDWHGVOXGJH WDQNV WKH UHJUHVVLRQ
PRGHO UHIOHFWV DOVR WKH LQIOXHQFH RI WKLV RSHUDWLQJ SDUDPHWHU %DVHG RQ WKH SURMHFW UHVXOWV DQ $XVWULDQ FRXQWU\
















IXJLWLYHELRJDVHPLVVLRQVVOXGJHVWRUDJH WDQNVDQG WKHVOLSRI WKHEORFNKHDWDQGSRZHUSODQW,Q WKHZDWHU OLQH
&+FDQEHIRUPHGLQWKHSULPDU\VHGLPHQWDWLRQDQGWKHQVWULSSHGRXWZLWKWKHDHUDWLRQDLULQDFWLYDWHGVOXGJHWDQNV
8QGHUDHURELFFRQGLWLRQV&+FDQEHDOVRSDUWLDOO\ELRORJLFDOO\R[LGL]HGDVREVHUYHGE\>@
&+ HPLVVLRQ IDFWRUV IRU DQDHURELF GLJHVWHUV IURP OLWHUDWXUH UDQJH EHWZHHQ  >@ DQG  >@ RI WKH
SURGXFHG&+WKHKLJKHVWQXPEHUEHLQJPHUHO\EDVHGRQH[SHUWMXGJHPHQW'HSHQGLQJRQWKHVOXGJHVWDELOL]DWLRQ
GHJUHHDFKLHYHGLQWKHGLJHVWHU&+HPLVVLRQVE\VWRULQJDQGGHZDWHULQJRIGLJHVWHGVHZDJHVOXGJHUDQJHEHWZHHQ






FRQVHUYDWLYH WRWDO &+ HPLVVLRQ RI  ZDV DVVXPHG 5HIHUUHG WR WKH LQIOXHQW &2' ORDG WKLV DPRXQWV WR
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J&+NJ&2'LQIOXHQW::73ZKLFKLVLQWKHUDQJHRIWKHYDOXHUHSRUWHGE\>@
$FFRUGLQJWRWKH,3&&*XLGHOLQHV>@&+HPLVVLRQVDW::73VZLWKVLPXOWDQHRXVDHURELFVOXGJHVWDELOL]DWLRQ




2.5. Estimation of indirect GHG emissions of municipal WWTPs 
,QGLUHFW*+*HPLVVLRQVZHUHHVWLPDWHGXVLQJ()VDYDLODEOHLQUHOLDEOHGDWDEDVHV>@DVGHSLFWHGLQ7DEOH
7KH ZKROH XSVWUHDP FKDLQ RI FKHPLFDO DSSOLFDWLRQ DW ::73V H[WUDFWLRQ RI UDZ PDWHULDO SURGXFWLRQ DQG
GLVWULEXWLRQ ZDV FRQVLGHUHG ,W FDQ EH QRWHG WKDW WKH PDQXIDFWXULQJ SURFHVV FDQ VLJQLILFDQWO\ LPSDFW WKH () RI
FKHPLFDOV7KHSURGXFWLRQRI)H&ORXW RI LURQR[LGH DQGK\GURFKORULF DFLG LV HJPRUH HPLVVLRQ LQWHQVLYH WKDQ
XVLQJSLFNOLQJDFLGVDQGFKORULQHJDV7DEOH,QFDVHDSURGXFWLVQRWVSHFLILFDOO\SURGXFHGEXWUHVXOWVDVDVLGH
SURGXFWRXWRIDQLQGXVWULDOPDQXIDFWXULQJSURFHVV*+*HPLVVLRQVQHHGWREHUHDOORFDWHGDVVXJJHVWHGE\>@
$W WKHPRGHO::73VSKRVSKDWHSUHFLSLWDWLRQ LVDFKLHYHGE\DGGLQJ LURQFKORULGH LQH[FHVVPRO)HSHU
PRO326HZDJHVOXGJHGHZDWHULQJRFFXUVLQDILOWHUSUHVVFKDPEHUE\DGGLQJSRO\PHUVNJDFWLYHVXEVWDQFH
SHU WRQ WRWDO VROLGV DQG LURQ FKORULGH  NJ )H&O SHU WRQ 76 7KH () IRU LURQ FKORULGH ZDV DVVXPHG WR EH
NJ&2HPRO)H >@ IRU SRO\PHUHV NJ&2HNJDFWLYH VXEVWDQFH >@ &2H HPLVVLRQV UHVXOWLQJ IURP
FKHPLFDOVWUDQVSRUWDWLRQZHUHDOVRLQFOXGHGLQWKHFDUERQEDODQFH
7DEOH(PLVVLRQIDFWRUVDV&2HXVHGIRUWKHFDOFXODWLRQRILQGLUHFW*+*HPLVVLRQVDWWKHPRGHO::73V
 (PLVVLRQIDFWRU 8QLW 6RXUFH
(OHFWULFHQHUJ\JHQHUDWLRQDQGVXSSO\LQ$XVWULD  NJ&2HN:K >@




























SRWHQWLDO RI&2H HPLVVLRQV LV RIIVHW E\ NJ&2H3(D HPLWWHG GLUHFWO\ DW WKH SODQW DV&+ DFFRUGLQJ WR WKH
DVVXPSWLRQPDGHLQFKDSWHU7KHLPSDFWRILQGLUHFW&2HHPLVVLRQFDXVHGE\WKHHOHFWULFLW\FRQVXPSWLRQRIWKH





RI WKH SODQW NJ&2H3(D 7KH FDUERQ IRRWSULQW RI ::73$' FRXOG EH LPSURYHG IURP  WR DSSUR[
NJ&2H3(D
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&+HPLVVLRQVLQWKHUHFHLYLQJZDWHUERGLHVSOD\DPLQRUUROHLQWKH&2HEDODQFHRIWRWDO&2HHPLVVLRQDW
::73$' DQG  DW ::736$6 &2H HPLVVLRQV IURP LQGLUHFW VRXUFHV FKHPLFDOV DQG WUDQVSRUWDWLRQ
FRQWULEXWHDVZHOOWRDOHVVGHJUHHWRWKHFDUERQIRRWSULQW
7KHFRPSDULVRQEHWZHHQWKHWZRPRGHO::73VFOHDUO\VKRZWKDW±XQGHUWKHDVVXPSWLRQVPDGH±WKHFDUERQ
IRRWSULQW RI::73V ZLWK DQDHURELF GLJHVWLRQ UHVHPEOHV WKH RQH RI::37V ZLWK VLPXOWDQHRXV DHURELF VOXGJH
VWDELOL]DWLRQSURYLGHGWKDWWKHGHJUHHRI71UHPRYDOLVFRPSDUDEOHDQG&+ORVVHVIURPWKHVOXGJHVWDELOL]DWLRQFDQ
EH UHGXFHG 7KURXJK DQ LPSURYHG 71 UHPRYDO VHYHUDO DGYDQWDJHV FDQ EH JDLQHG GLUHFW 12 HPLVVLRQV FDQ EH
UHGXFHG WKH HQHUJ\ GHPDQG IRU DHUDWLRQ FDQ EH GHFUHDVHG DQG D KLJKHU HIIOXHQW TXDOLW\ FDQ EH DFKLHYHG 7KH










UHJDUG VHQVLWLYLW\ DQDO\VHV FDQ KHOS WR DVVHVV WKH FRQILGHQFH OHYHO RI WKH &2H EDODQFH 'HVSLWH WKH VWURQJ
YDULDELOLW\RIWKHPHDVXUHG()IRUGLUHFW12HPLVVLRQVDW::73VWKHNQRZOHGJHRIWKHSURGXFWLRQPHFKDQLVPV
DQG LQIOXHQFLQJ IDFWRUV KDV EHHQPDWXUHG VR IDU WKDW HVWLPDWLRQV EDVHG RQ WKH LQIOXHQW QLWURJHQ ORDG DQG RQ WKH
QLWURJHQUHPRYDORIWKH::73DUHQRZSRVVLEOH,QFRQWUDVWWKHNQRZOHGJHRIWKHUHGXFWLRQSRWHQWLDORIGLUHFW&+
HPLVVLRQ DW::73V LV VWLOO LQDGHTXDWH DQG UHTXLUHV IXUWKHU UHVHDUFK&XUUHQW UHVXOWV LQGLFDWH WKDW D FDUHIXO SODQW
GHVLJQDQGDQRSWLPL]HGRSHUDWLRQRIDFWLYDWHGVOXGJHWUHDWPHQWLQWHUPVRI71UHPRYDODQGXVHRIFKHPLFDOVDUH








>@ ,QWHUJRYHUQPHQWDO 3DQHO RQ &OLPDWH &KDQJH ,3&& *XLGHOLQHV IRU 1DWLRQDO *UHHQKRXVH *DV ,QYHQWRULHV 3UHSDUHG E\ WKH 1DWLRQDO
*UHHQKRXVH*DV ,QYHQWRULHV3URJUDPPH(JJOHVWRQ+6%XHQGLD/0LZD.1JDUD7 DQG$QDEH. HGV 3XEOLVKHGE\ ,*(6
-DSDQKWWSZZZLSFFQJJLSLJHVRUMSSXEOLFJO9ROXPH:DVWH&KDSWHU:DVWHZDWHUWUHDWPHQWXQGGLVFKDUJH
>@*HQ]RZVN\.%ROOH):&2%LODQ]HQXQGGLH%HGHXWXQJIUGLH:DVVHUZLUWVFKDIW:DVVHU	$EIDOO





>@ (FR,QYHQW   DQG   6ZLVV&HQWHU IRU /LIH&\FOH ,QYHQWRU\.RPSHWHQ]FHQWHU (LGJHQ|VVLVFKH ,QVWLWXW IU 7HFKQRORJLH
=ULFK (7+ =ULFK XQG /DXVDQQH (3) /DXVDQQH 3DXO 6FKHUUHU ,QVWLWXW 36, (LGJHQ|VVLFKH /DERUDWRULHQ IU 0DWHULDOWHVWV XQG
)RUVFKXQJ(LGJHQ|VVLVFKH6WDWLRQ$JURVFRSH5HFNHQKRO]7lQLNRQ$57KWWSZZZHFRLQYHQWRUJ
>@6LPD3UR8.KWWSZZZVLPDSURFRXNHJYHUVLRQ6LPD3UR5Y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